The roles of counterions, solvent types and extraction temperatures on the selectivity of 18-crown-6 (L) 
INTRODUCTION
Crown ether is well known as the highly selective separation agents [1] [2] . Selectivity of crown ether not only sensitive toward cation diameter, macrocycle cavity size, donor atoms, electron donating and withdrawing group substitution but also the complementary counterion, solvent types and extraction temperatures. In the case of the charged metal complex and the counterion exist mainly in the same cage solvent, the counterion effects will be observed [3] . The EXAFS experiment showed that even in highly solvated environment, counterion still has influence. It is demonstrated by the strontium coordination environment (10 coordination numbers) does not change in Sr(NO 3 ) 2 -18C6 and Sr(NO 3 ) 2 -DC18C6 when they are prepared by extracting Sr(NO 3 ) 2 salt from highly solvated aqueous solution and then extracted into 1-octanol [4] .
Solvent also controls the selectivity of crown ether toward metal ions. For instant, in the solvent phase the complex formation of 18-crown-6 toward alkaline earth ions demonstrated that the order of the selectivity was Ba [5] . However, in the gas phase studies the order of the selectivity was turned out to be opposite Mg [6] [7] . This discrepancy between solvent and gas phase indicated that solvent is strongly influence the binding selectivity of crown ether. The extraction temperature also plays important role in metal crown ether interaction. Several experimental [7] [8] [9] have been taken to study the influence of temperatures on stability constant of metal crown ether complexes. It is reported that as the extraction temperatures increase, the stability constant of crown ether alkaline earth complexes reduce. Thus, theoretical study on the effect of counterion, solvent types and extraction temperatures in the complexation of alkaline earth with crown ether is crucial from practical application point of view.
The theoretical investigation has been used extensively to study the selective capture of metal ions by crown ether at various level of electronic structure method. Theoretical studies have been performed on the effect of cavity size, donor atoms, electron donating and withdrawing group substitution on the metal ion-crown ether interaction [10] [11] [12] [13] [14] [15] . However, very few theoretical studies have attempted to study the role of counterion, solvent types and extraction temperatures on the alkaline earth crown ether complexes. Recently, the DFT B3LYP/6-31+G(d) level of theory have also been performed on ion-pair receptor of calixarene derivative and its interactions with the halide anions F within the cavity of dibenzo-18-crown-6 has been reported using B3LYP/LanL2DZ and 6-31+G(d) level of theory in gas and solvent phase [17] . The extraction properties of 12-crown-4 derivates toward Li + with Cl -as counterion in biphasic solvent phase has been studied at B3LYP and MP2/6-311+G(d,p) level of theory [18] . The extraction of Sr(NO 3 ) 2 salt with 18-membered crown ethers in biphasic solvent has been studied using DFT method at B3LYP level of theory using SDD and DZP basis sets. The extraction energies from biphasic systems showed linear trend with the experimental stability constant [19] .
In the current work, we use density functional theory (DFT) to study the effect of counterions, extraction temperatures and solvent types on the structural parameter, energy and thermodynamics of MX 2 (M = Ca, Sr, Ba; X = Cl -and NO 3 -) within the cavity of 18-crown-6 (L) in gas and solvent phase. In this study, chloride anion Cl -and nitrate anion NO 3 -are chosen as they are commonly presence in solvent extraction. Furthermore, different strength of steric hindrance due to monodentate and bidentate binding mode from chloride and nitrate anions is interested for comparison. In solvent phase, continuum solvation model is implemented due to its flexibility and efficiency compared to explicit solvation model. Despite the extensive uses of continuum solvation model, only few studied have been conducted on the complexation of crown ethers in solution.
COMPUTATIONAL METHOD
All calculations were based on approximate DFT in the hybrid B3LYP functional. All calculations reported here are performed using the Gaussian 03 package [20] . Geometry optimizations have been performed without any symmetry constraints. Optimized geometries are always verified as minima on the potential energy surface by calculating the harmonic vibration frequencies. Quasi-relativistic ECP with corresponding SDD basis set leaving 10 valence electrons was used for calcium, strontium and barium. For ligand atoms, DZP basis set was used. The basis set superposition errors (BSSE) was eliminated with the counterpoise (CP) method [21] .
Solvent effects are included using the polarized continuum model (PCM) as implemented in the Gaussian code. The dielectric constant for the water solvent was taken as 78.4 and other solvents were used as in Gaussian code. In employing PCM model, the single-point calculations on gas-phase geometries are sufficient for energetic. Structure re-optimization in the presence of the solvent was found to have a minor influence on energetic [22] . The non-electrostatic contributions are neglected in this study due to their minor influences on temperature variations. All Gibbs free energy calculations in solvent phase were corrected toward standard states from the gas phase to the condensed phase. This correction term is numerically equivalent to ±1.89 kcal.mol 
RESULT AND DISCUSSION

Geometrical Parameters
The calculated geometrical structures of free 18-crown-6 (L) and MX 2 L complexes are presented in Table 1 . Geometrical parameter (in Å) of MX 2 L at B3LYP level of theory using combination SDD basis set correspond to small core ECP and DZP basis set 2 L complexes the bond lengths are 2.614-2.891 Å. These M-O bonds are approximately 0.1 Å longer than the M-O bond from the free counterions complexes from previous study [6] . The longer distance of M-O bond in MX 2 L complexes compared with free counterion complexes can be explained by the increased steric hindrance due to the presence of counterions in the first coordination sphere of the complexes. The calculated C-C and C-O bond distances only 0.09 Å and 0.03 Å differences than the experimental values [25] . The calculated C-C (1.516-1.527 Å) and C-O (1.422-1.429 Å) bonds after complexation with metal salts is slightly lengthened compared with the calculated C-C (1.520 Å) and C-O (1.415 Å) bonds from free metal 18-crown-6.
Another important geometrical parameter of crown ethers is the size of their cavity. The binding selectivity of crown ether with metal ions is determined by the diameter size of metal ions and the crown ether cavity size. The cavity size of crown ether is calculated by the distances between the opposite of oxygen atoms. The calculated and experimental values of cavity size are also given in Table 1 . The calculated cavity size shows that the cavity size of free 18-crown-6 is larger than the results of experiments by 0.17 Å but still within the range of experiment data. Changes in the size of the free crown ether cavity are evidently occurred in the presence of metal in the cavity of L. Crown ether cavity size is reduced about 7.49%, 5.71%, 2.91% for CaCl 2 The crystal structure of Ca(NO 3 ) 2 L has been determined by Polyanskaya [25] and it shows the nitrate anions lie in the sandwich position (top and below) on either side of the crown ether cavity. The other complexes have closely similar structure to Ca(NO 3 ) 2 L complex. The optimized structure of Ca(NO 3 ) 2 L and other complexes are displayed in Fig. 1 . The calculated M-X bond distance is gradually increased as the diameter of metal increase and follows the order of Ca-X < Sr-X < Ba-X. The maximum . The trend in bond length distances can be used as the preliminary prediction of the strength of interaction between the metal ions and crown ethers. It can be seen that the shortest bond lengths for M-O and M-X bonds are identified for CaCl 2 L complex. Thus, it is predicted that the strongest interaction would be the interaction between CaCl 2 and L in gas phase.
Energy and Thermodynamics Parameters
Generally, the interaction energy is related to the stability of the complexes. The interaction energies for the metal ion (M) and crown ether (CE) complexes were calculated as the energy difference between the complexes and their monomer. The interaction energies were also corrected for the undesirable effects of basis set superposition error (BSSE) using the counterpoise method. For the interaction in the system involved, the interaction energy can be expressed as follows:
Here, E MX2-CE was the complex energy, E MX2 the energy of metal salts and E CE the energy of crown ether. The calculated interaction energies for the complexes in the gas phase with the absence of solvent molecule are listed in Table 2 .
As predicted, the gas phase selectivity for the same counterion decrease as the size of metal cations increase from CaX 2 L to BaX 2 L, except for Ca(NO 3 ) 2 L ) means in gas phase metal salts interact strongly with crown ether.
Natural Bond Orbital Analysis
For further study on the effect of counterions, the second order interaction energies (E 2 ) based on the Natural Bond Orbital (NBO) analysis were also calculated. E 2 corresponds to the intensity of change transfer interaction between Lewis donor and non-Lewis acceptor NBO. For each donor NBO (i) and acceptor NBO (j), E 2 associated with i→j delocalization can be estimated as follows:
Here, q i is the donor orbital occupancy, ε i ,ε j are diagonal elements (orbital energies) and F (i,j) are the off diagonal elements of NBO Fox matrix. The E 2 obtained from NBO analysis are shown in Table 3 . It is clearly indicated that the maximum donation and the maximum back-donation NBO contribute toward the binding selectivity. The lone pair electron (LP) of counterions and the antibond-lone pair electron (LP*) of the metal is mainly responsible for E 2 values. For instant in the case of CaCl 2 L complex, the main contribution for E 2 is the orbital donor and acceptor from lone pair LP(4)Cl45 and antibond-lone pair LP*(1)Ca43 with E 2 = 31.92 kcal.mol -1 as shown in Table 3 . As compensated, the back donation is produced by the antibond-lone pair electron LP*(1)Ca43 and the center Rydberg RY*(4)Cl45 with E 2 * = 6.11 kcal.mol -1 . The maximum values of E 2 from counterion contribute higher toward complex stability than the maximum E 2 values from crown ether oxygen atoms ( Table 4 ). This trend have similar trend with the interaction energies, except for Sr(NO 3 ) 2 L. Based on the E 2 NBO analysis results, it can be concluded that the maximum E 2 values confirms the counterions play significant role in the enhancement of the complex stability in gas phase. Looking at MPA charges (Table 5) , one can see that the average negative charges of oxygen crown ether increase about 0.05 e-from free 18-crown-6. The presence of metal salts increased δ This result indicated the simple charge-charge electrostatic interaction can be used to explain the trend in binding selectivity of 18-crown-6. The MPA results have a good correlation with the interaction energies (ΔE), second order interaction energies (E 2 ) and energy gab (Δε).
In order to study the electron distribution as the consequence of the presence of counterions, the maps of electrostatic potentials for CaX 2 L complexes are displayed in Fig. 2 . Electrostatic potential map can be used for indicating the electron rich or electron poor regions of the molecules [28] . Red color represents the large negative values of the potential which represent electron rich regions, while yellow indicates the large positive values of the potential represent electron poor regions. From Fig. 2A , it clearly shows that the surface of free counterion complex is dominated by positive values of potentials or electron poor regions. In the absent of counterion, the complex charges is dominated by the positive charge of metal ion that why the positive values of potential dominate the electrostatic potential map. The presence of counterions ( Fig. 2B-C) changes the appearances of electrostatic potential maps. The electron rich regions of molecules concentrate in surrounding Cl -counterions and this area push deeply toward metal core when Cl -acts as counterion. Similarly, for Ca(NO 3 ) 2 L complex, the electron rich regions of the molecule concentrate on NO 3 -, however, it less intent toward metal core. It is the possible reason for the CaCl 2 L complexes has higher interaction energy in gas phase that that of Ca(NO 3 ) 2 L complexes.
Solvent Phase
The role of counterions, solvent types and extraction temperatures are studied further in solvent phase. Firstly, the effect of counterions in solvent phase was examined by computing the Gibbs free energies (∆G) of MX 2 L complexes. As anticipated that there are numerical differences between the calculated and the experimental ∆G values [29] [30] [31] from the studied complexes about 10-15 kcal.mol -1 . However, the qualitative agreement between the calculated and experimental ∆G values are readily clear from the selectivity of the 18-crown-6 toward SrCl 2 relative to other MX 2 in different solvents, define as α SrCl2/MX2 = ∆G MX2 -∆G SrCl2 . It shows a fine qualitative agreement between the calculated and the experimental ∆G values (Fig. 3) . Table 6 displays the calculated ∆G of MX 2 L at B3LYP level of theory and the experimental stability constants (log K ML ). The gas phase values of ∆G are reduced in the solvent phase as the polar solvent molecules weaken the M-L binding. It is exampled by the Gibbs free energy of CaCl 2 L complex in gas phase is -56.15 kcal.mol -1 and in solvent phase it is reduced to . Table 6 also shows that the change in the preferential selectivity of crown ether in solvent phase. It can be seen that the selectivity of L in solvent phase is reversed the gas phase trend with the order The correlation between the calculated ∆G values and experimental log K ML in water at 298.15 K is presented in Fig. 4 . With the exception of the value for Ca(NO 3 ) 2 L (log K ML = 3.21 ± 0.10), there is an excellent correlation between the calculated ΔG and the experimental log K ML values with r 2 = 0.9843. The reason for the discrepancy with Ca(NO 3 ) 2 L is unclear.
The Effect Solvent Types
The role of solvent types on the selectivity of 18C6 toward alkaline earth salts is also important in term of practical applications. 
The Effect of Temperatures
In addition to counterions and solvent types, the temperature also plays role in the extraction processes, thus, it is important to include the effect of temperatures in this study. To study the role of temperature, the correlation between the calculated ΔG and the experimental stability constant (log K ML ) for BaX 2 L complexes at different temperatures have been determined and displayed in Fig. 6 .
The correlation between calculated ΔG and log K ML at different temperatures shows a linear trend where their correlation is based on simple equation and at 125°C reduces to -2.12 kcal.mol -1 . Based on this result, the effect of temperatures can be summarized as follows: 1) the temperature changes the strength of complex interaction but does not change the selectivity order; 2) low temperature is necessary in order to gain better interaction strength between alkaline earth salts and crown ether.
CONCLUSION
The present work reports the various structural, energetic and thermodynamical parameters for alkaline earth 18-crown-6 (L) complexes at DFT/B3LYP level of theory in gas as well as in solvent phase. The emphasize of this work is to study the role of counterions, extraction temperatures and solvent types on the extraction selectivity of L toward CaX 2 , SrX 2 and BaX 2 (X = Cl contributes to higher interaction energies and thermodynamics parameters. The calculated ΔG values in polar solvent (e.g. methanol and ethanol) are higher in comparison to non polar (low dielectric constant) solvents (e.g. THF and benzene). The MCl 2 L complexes prefer ethanol than methanol as the solvent while for M(NO 3 ) 2 L complexes prefer methanol. Benzene is less favorable for all complexes due to the endothermic values of the calculated ΔG. In different temperatures, the higher the temperatures the lower the calculated ΔG values so that low temperature is necessary in order to have a successful extraction of alkaline earth salts by crown ether. The present study would have a significant contribution for optimizing the extraction conditions in term of the choice of counterions, solvent types and optimum extraction temperatures.
